Synaptic cargo transport by the motor proteins kinesin and dynein in the axons of hippocampal neurons was investigated using non-invasive measurement of transport force based on nonequilibrium statistical mechanics and extreme-value statistics on the maximum transport velocity. Although direct physical measurements such as force measurement using optical tweezers are difficult in a non-equilibrium intracellular environment, the proposed noninvasive estimations enabled enumerating force producing units (FPUs) carrying a cargo comprising the motor proteins generating force. The number of FPUs served as a barometer for the stable and long-distance transport by multiple motors, which was then used to quantify the extent of damage to axonal transport resulting from ciliobrevin, a dynein inhibitor. Our results show interrelationships among force, velocity, and the number of FPUs, precisely describing transport dysregulation. Such measures may help quantify the damage to axonal transport resulting from neuronal diseases including Alzheimer's, Parkinson's, and Huntington's diseases in future.
Introduction
A neuron includes a long process called an axon that connects the cell body to the terminal. Synaptic proteins are produced and packed as cargo vesicles in the cell body of neurons, after which the cargos are transported in an anterograde manner to the terminal through the axon by KIF1A and KIF1Bb, members of the kinesin-3 family, and in a retrograde manner by cytoplasmic dynein, producing driving force hydrolyzing adenosine triphosphate (ATP) molecules 1, 2, 3 . Elucidation of the physical aspects of the synaptic cargo transport mechanism can potentially lead to quantitative understanding the process of synapse creation at the terminal region of neurons, and deficits of which are often related to neuronal diseases, such as Alzheimer's, Parkinson's, and Huntington's diseases 4, 5 . Considering the difficulties associated with direct physical measurements in non-equilibrium living neurons, our aim was to non-invasively estimate information concerning the physical parameters of axonal transport by using knowledge of non-equilibrium statistical mechanics developed for the transport of non-living materials, such as thermal conduction and electrical conduction.
Results

Fluctuation properties for CVSs of moving cargos
The motion of synaptic cargos along the axon of mice hippocampal neurons was observed by fluorescence microscopy (Fig. 1a ). The central position (X) of a particular cargo was obtained from fluorescence images (Methods), and anterograde transport was set to the plus X direction. The fluctuation property of a CVS is represented by the distribution !(Δ$) ( Fig. 2b) , where Δ$ = $(' + Δ') − $(t) ( Fig. 2a ). !(Δ$) for one CVS, as well as those obtained for other cargo 6, 7, 8 , was well described by a Gaussian function. The diffusion coefficient (+) of a moving cargo at a CVS was then calculated from the variance (, -) of !(Δ$) using the equation , -= 2+Δ' . Note that the abnormal diffusion property [i.e., !(Δ$) is not a
Gaussian function] often reported for intercellular cargo transport 9, 10 appeared upon analysis of an entire whole trajectory without dividing it into CVSs 11 . One reason for the abnormality in + might be that the trajectory includes multiple velocity values. + for a moving cargo at a CVS as a function of Δ' became constant for large Δ' (Fig. 2c ). 
Velocities of CVSs of moving cargos
We next investigated the anterograde and retrograde velocities of CVSs ( Fig. 2e -g), finding mean values of 1.3 µm/s and 0.94 µm/s, respectively, for each type of transport. We used the absolute values for velocity in order to allow representation of the retrograde velocity as a positive value. The mean values were smaller to those obtained for other axonal cargo transport measured via kymograph analysis 12 , possibly because smaller, fast-moving vesicles could not be tracked by our particle tracking software.
The velocity values were widely distributed (100 nm/s < v £ 3 µm/s) ( Fig. 2e ) and decreased along with increases in FI ( Fig. 2f) ; however, the correlation between velocity and FI (R = 0.33, p=4´10 -7 ) was weaker than that between D and FI (R = 0.47, p=7´10 -6 ) ( Fig. 2d ), potentially indicating a dependence of v on another quantity, such as the number of force producing units (FPUs) carrying a cargo comprising the motor proteins (Fig.1a , bottom), as well as cargo size. This dependence of v on the number of FPUs is explained by the forcevelocity model described in Fig. 2h and was previously suggested for kinesin to interpret in vitro single-molecule experiments applying loads to kinesin using optical tweezers 13 ; however, force-velocity relationships for dynein have not been clarified. The stall force (Fs) ( Fig. 2h) , which is the maximum force that kinesin can exert, is proportional to the number of FPUs.
Additionally, the line in Fig. 2h illustrates the Stokes relation E = F/Γ for a cargo in motion.
The intersections of the force-velocity curves and Stokes relation provide the measured velocities of the cargo in cases of one, two, and three FPUs, respectively. According to the model ( Fig. 2h ), the velocity values can be changed (e.g., v1, v2, and v3) as the number of FPUs changes under high load (viscosity) conditions. Therefore, the velocity changes observed in Fig. 1b were considered to occur as a result of changes in the number of FPUs, which would agree with previously reported changes in experimental velocity 8, 14 .
To determine whether the high load condition that the mean velocity (〈E〉) was markedly smaller than the maximum velocity E IJK during anterograde transport ( Fig. 2h ), we estimated E IJK using extreme-value statistics. Note that E IJK , regarded as the anterograde velocity with no load, could not be measured directly in the axons, because kinesin without cargo (representing load to the kinesin) exists in an autoinhibited state in cells 15 . First, for an anterograde trajectory during 20 s of movement of the i-th cargo, E IJK L was defined as the measured maximum velocity of the i-th cargo that appeared during the period. For 188 anterograde cargos investigated, we plotted the cumulative distribution (M) of NE IJK L O ( Fig.   2g ) as the second procedure, and fit G using extreme-value statistics 16 according to the function
where R, ,, and T are fitting parameters. We found T < 0 and obtained the maximum value of 5.8±0.23 µm/s as R − ,/T (see Fig. S2 for results from other datasets). We then compared the mean 〈E〉 and maximum E IJK velocities ( Fig. 2i ), finding that 〈E〉 ≪ E IJK and indicating realization of the high load condition for anterograde transport. In subsequent paragraphs, we assumed the high load condition for the case of retrograde transport because the force-velocity relationship for dynein was unknown.
Force index (c) and the number of FPUs transporting a cargo
The comparison between 〈E〉 and E IJK (Fig. 2i ) showed that the load acting on a cargo was considered large enough that the value of drag force (ΓE) was close to the stall-force value (Fs).
Because the stall-force value is proportional to the number (n) of FPUs, it is considered to approximate ΓE ∝ c when the load on a cargo is large enough. As a substitute for the unknown value of Γ(= 6π0 122 4), when we use + => [assuming that + ∝ 1/Γ], we define a force index (c) as follows:
This is expected to have the approximated relationship:d ∝ c . c was first introduced to investigate endosome transport in mouse dorsal root ganglion neurons 7 and extended to synaptic vesicle precursor transport in the motor neurons of Caenorhabditis elegans 6 and melanosome transport in zebrafish melanophores 8 in order to count the number of FPUs. In these previous studies, c was turned out to be quantal and reflect the number of FPUs. Here, we noted that F and Fs could not be directly measured in the axons using optical tweezers based on the small size of the synaptic cargos (~100 nm) and the difficulty in force calibration of the optical tweezers in the complex intracellular environment. Therefore, we used c [Eq.
(2)], which was non-invasively measured unlike Fs measured using optical tweezers, to obtain force information.
We plotted the force index, c, as a function of Δ' for anterograde and retrograde transport, respectively (Fig. 3) . c converged after a period of time due to the Δ'-dependence of D (Fig.   2c ), whereas v was almost constant for all Δ'. When the discreteness of c represented the discreteness of transport force, we identified seven FPUs used for anterograde transport and five FPUs for retrograde transport. Additional FPUs were needed for anterograde transport possibly because one FPU of kinesin comprises a dimer, whereas that of dynein comprises four dynein monomers according to cryo-electron microscopy 17 .
Addition of the dynein inhibitor
Finally, we investigated the effect of the drug ciliobrevin 18 that inhibits ATPase activity of AAA+ ATPase superfamily proteins, including dynein. We treated the cells with ciliobrevin during 30 min in order to measure the effect on FPU number and plotted outcomes in the presence of 200 µM and 500 µM ciliobrevin for anterograde (Fig. 3b,c) and retrograde (Fig.   3e ,f) transport, respectively. Although changes in anterograde FPUs were small (Fig. 3b,c) ,
retrograde FPUs showed larger decreases in the presence of higher concentrations of ciliobrevin ( Fig. 3e,f) . Because ciliobrevin inhibits dynein, this result confirmed a lack of effect on kinesin-specific cargo transport.
We then measured the effect of ciliobrevin on other physical parameters, including run time and velocity ( Fig. 4 ), because these quantities also depend on the number of FPUs carrying cargo. We found that the run time of a moving cargo was defined as the duration between pauses, with a pause defined as a duration >0.25 s at a velocity <100 nm/s (Fig. 4a ). The run time is dependent on the number of FPUs, because cargo transported by multiple FPUs seldom detaches from microtubules, thereby making the run time longer. Fig. 4b shows histograms of the run times for anterograde (left) and retrograde (right) transport. As ciliobrevin concentration increased, we observed a more obvious decrease in retrograde transport, confirming that similar behavior as that observed for c measurements (Fig. 3 ) and velocity at CVSs (Fig. 4c ).
After quantifying the number of FPUs, run time, and velocity for moving cargos, we then evaluated changes in the amount of moving cargos over a period of 20 s in an area of 22 µm ´ 22 µm (Fig. 4d, left) as a function of ciliobrevin concentration (Fig. 4d, right) . We observed that the number of moving cargos rapidly decreased bidirectionally. Similar bidirectional damages caused by inhibitors of motors have been reported for several types of cargo transport, suggesting that anterograde and retrograde transport are closely linked through a common regulatory mechanism 19, 20, 21 . We found that such a regulation did not involve only the inactivation of kinesin in the case of ciliobrevin, as the change in anterograde FPUs was small ( Fig. 3b-c) .
Summary
In summary, in this study, we used extreme-value statistics (Fig. 2g, Supplementary Fig. S2) and non-invasive force measurement using c [Eq.
(2)] ( Fig. 3) to estimate the physical parameters associated with intracellular transport, and quantified the effect of the dynein inhibitor ciliobrevin on cargo transport. Given the difficulty of direct physical measurement in cells, we hope that application of these techniques promotes further understanding of the mechanisms of intracellular cargo transport through statistical estimation of the associated parameters.
Methods
Primary culture of neurons and transfection
Primary culture of hippocampal neurons was performed using a modified version of a previously described method 12, 22 . The hippocampus of wild-type C57BL/6 mice (Japan SLC, Hamamatsu, Japan) at embryonic day 17 was dissected, and neurons were cultured in glassbottom dishes (MatTek, Ashland, MA, USA) with the culture medium (NbActiv4; BrainBits, Springfield, USA), as described previously 12 . After culture for 4 to 7 days, neurons were transfected with the plasmids vector for GFP-fused synaptotagmin 23 
Calculation of χ
The force index χ introduced in our previous studies 6, 7, 8 which is equal to Eq. (2). The error of χ was estimated at 10% based on the boot-strapping method 6, 8 .
A smoothing filter was applied to the values of χ to reduce variation in the raw data for χ as a function of Dt. We used the following simple averaging filter: In the case of the anterograde χ-Dt plots (Fig. 3a) , AIC values were −405 for k = 4, −436 for k = 5, −457 for k = 6, −460 for k = 7, and −458 for k = 8. In the case of the retrograde χ-Dt plots (Fig. 3d) , AIC values were −341 for k = 3, −394 for k = 4, −413.0 for k = 5, −422 for k = 6, and −233 for k = 7. From these AIC values and the classification results obtained for previous experiments on axonal transport 6, 7 , the most probable values of k were determined as k =7 for anterograde ( Fig. 3a) and k = 5 for retrograde ( Fig. 3d ) transport.
Statistics
For the dataset (xi, yi) in Fig. 2d ,f, the correlation coefficient was calculated using the following
The p-value was calculated by using the cor.test program of the R software 25 . Although the axons were crowded with cargos, we were able to track some individual cargos. 
